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Introduction
During RAN1 NR discussion so far, there are many agreements being made that are relevant to mobility RRM [1, 2, 3]
	Agreements:
· At least NR secondary synchronization signal (NR-SSS) is used for DL based RRM measurement for L3 mobility in IDLE mode 
· FFS in IDLE mode potentially additional use of DM-RS for PBCH (if defined) for measurement
· FFS whether or not the NR-SSS alone will satisfy the requirements for RRM measurement 
Agreements:
· For CONNECTED mode RRM measurement for L3 mobility, CSI-RS can be used, in addition to IDLE mode RS
· Note that RAN1 will consider configuration overhead and possible inter-gNB signaling overhead
· Detection of neighbor cell for measurement is based on NR-SS
Agreements:
· Clarify previous RAN1 agreements on the RSRP definition for DL RRM measurements for L3 mobility as follows
· Define SS block RSRP and CSI-RS RSRP as
· SS block RSRP: measured RSRP from SSS
· FFS additional use of PBCH-DMRS for measurement 
· CSI-RS RSRP: measured RSRP from CSI-RS in connected mode

Agreements:
· NR should strive to provide aperiodic indication(s) based on beam failure recovery procedure to assist radio link failure (RLF) procedure, if same RS is used for beam failure recovery and RLM procedures. 
· Example 1: aperiodic indication(s) based on beam failure recovery procedure can reset/stop T310
· RAN2 can decide specific procedure
· Example 2: aperiodic indication(s) based on failure of beam recovery procedure
· How to use aperiodic indication can be decided in RAN2
· FFS: aperiodic indication(s) based on beam failure recovery procedure to assist RLF procedure if different RS is used




In additional to the RRM measurement for both IDLE and CONNECTED state UE, another important aspect is radio link monitoring. For UE supervision procedure, UE needs to perform radio link monitoring to track the radio link quality, such that if Radio Link Failure (RLF) is detected, UE can take appropriate actions to recover the connection.

In RAN1 #89 meeting, the following agreement has been made for RLM [3]

	Agreements:
· The RS used for RLM should have following properties 
· Periodic transmission with short enough periodicity
· Wideband transmission relative to bandwidth of active bandwidth part
· Supporting both single beam and multi-beam operations
· Representing control channel quality
· Both CSI-RS based RLM and SS block based RLM are supported
· FFS: whether or not only a single type of RS is configured to UE for RLM at a time



In this contribution, we discuss aspects regarding radio link monitoring for NR.
Measurement Signals for Radio Link Monitoring
Radio link quality has been tied to DL control channel performance in previous generation RAT including LTE. The same philosophy can be adopted for NR. 
On the other hand, due to the lack of CRS in NR, there is no always ON direct reference signal (RS) to represent NR-PDCCH performance. In practice, UE DL data can be sporadic, hence UE may not have persistent observation of DL control channel performance. Moreover. it could be hard for UE to know whether NW is transmitting PDCCH or not in order to derive PDCCH reliability. On the other side, to request NW to transmit PDCCH periodically for reliability measurement can cause unnecessary overhead.
Based on the discussion above, it is desirable to measure the radio link quality based on certain guaranteed periodic RS. Before we discuss what type of RS should be used for radio link monitoring, it is important to first discuss the general requirement for the RS that is used for radio link monitoring. Below is the requirement of RS for radio link monitoring purpose
1. The existence, i.e. periodicity, of the RLM RS should be guaranteed. 
In LTE, two successive In-Sync or Out-of-Sync indications will be separated by at least a maximum of either 10 ms or the DRX cycle length. This implies that RS periodicity around 10ms or DRX cycle if it is longer than 10ms is enough for the RLM purpose. This could serve as the design guideline for NR, i.e. the RS used for NR RLM should have periodicity on the order of 10-20ms

2. RLM RS should closely reflect the decoding performance of PDCCH, which implies that  
a. RLM RS should be transmitted from the same port (QCL) as PDCCH
b. Measurement based on RLM RS should also reflect the interference experienced by the PDCCH
c. It is preferable to have single port RLM RS similar as the PDCCH

3. Minimize RLM RS overhead, or aim to reuse the RLM RS for multiple purposes.

With the above requirement in mind, we look at the pros and cons for the SS Block based RLM. The pros come with the fact that both NR-SSS and NR-PBCH come with fixed periodicity. If NW does not configure the periodicity, it will be 5ms for IDLE and CONNECTED UE. Otherwise, NW will provide assistance by informing the UE the measurement window and the periodicity. NR-PBCH and NR-SSS can be configured to have the same port as NR-PDCCH. The limitation of using SS block for RLM is that both DMRS and NR-SSS may not accurately reflect the interference experienced by NR-PDCCH interference. In a synchronized NW, measurement based on NR-SSS or DMRS for NR-PBCH will consistently observe the same interference from the neighbouring cell which may not reflect the interference observed by NR-PDCCH. It is also important to note that, for IDLE and CONNECTED UE, NW can configure longer SS burst set periodicity than the default 20ms periodicity for UE in initial access, i.e. 40ms, 80ms, 160ms. As discussed before, RLM RS needs to have guaranteed existence, with periodicity on the order of 10-20ms. 
On the other side, CSI-RS can be designed or configured for many different purposes, such as CSF, beam management, RRM measurement, etc. Therefore, NW can configure CSI-RS QCL with PDCCH to reflect the channel quality of PDCCH, the CSI-RS can also be configured with different periodicity or in a UE specific way. Another advantage is that CSI-RS typically can have less density compared to RS like DMRS. As results, using CSI-RS for RLM RS may incur less RLM overhead. The cons of CSI-RS based RLM is that CSI-RS may not directly reflect the interference that PDCCH is experiencing. To resolve this issue, either NW can carefully schedule the CSI-RS transmission to mimic the interference experienced during PDCCH transmission, or some low density IMR tones can be configured for UE to have more accurate interference estimation. Also for the CSI-RS configured as RLM RS, CSI-RS should have guaranteed existence with periodicity on the other of 10-20ms.
With the above in consideration, NW can choose either to configure SS block or CSI-RS as the RS for RLM at a time. 
Proposal 1: Only a single type of RS is configured to UE for RLM at a time
Radio Link Failure Procedures
Regarding the procedure for UE to trigger radio link failure, LTE design can be a good starting point for NR 
Essentially, NR could also configure two threshold Qin and Qout associated with different control channel, i.e., NR-PDCCH, reliability requirement. 
1. If based on UE measurement, the downlink radio link quality estimated is lower than Qout, L1 can trigger the Out-of-Sync indication
2. If based on UE measurement, the downlink radio link quality estimated is higher than Qin, L1 can trigger the In-Sync indication
3. After a number, i.e. N310, of Out-of-Sync, is received from L1, then a timer, i.e. T310, can start
a. Before the expiration of T310, if a certain number, i.e. N311, of In-Sync indicators, is received, a Radio Link Failure is not declared.
b. Otherwise, Radio Link Failure is declared at the expiration of T310,

Once an RLF has been declared, UE will initiate the RRC connection re-establishment procedure
Proposal 2: LTE Radio Link Failure triggering procedure can be a starting pointing for NR radio link monitoring design
RLF, RLM and Beam failure recovery procedures
In RAN1#89, it has been agreed that L1 provides at least periodic IS/OOS indication and to study the possibility of additional aperiodic IS indication, e.g., based on beam failure recovery mechanism. Further in RAN1#AH, it has been agreed that ‘NR should strive to provide aperiodic indication(s) based on beam failure recovery procedure to assist radio link failure (RLF) procedure, if same RS is used for beam failure recovery and RLM procedures’
In multi-beam operation, a UE detects failure of active PDCCH beam by monitoring a DL RS QCLed with PDCCH. When this occurs, network cannot reach the UE. UE selects a beam from the candidate set to transmit beam failure recovery request to the gNB. If a response is not received then UE retransmits for a certain duration or up to a maximum number of attempts following which it will send an indication to upper layers. On the other hand, if UE receives a response then NW and UE may use the newly identified beam for subsequent transmissions. 
Observation 1: Beam failure detection event itself does not send a notification to the upper layers.
Observation 2: An aperiodic indication from L1/MAC to the upper layers is sent when beam failure recovery procedure fails.
In essence, beam failure recovery procedure: (1) performs recovery of active PDCCH beam when a failure is detected; (2) and ensures both DL and UL are functional as it involves message exchanges on DL and UL between UE and gNB.  
While RLM based periodic IS/OOS captures DL quality of multiple beams of the serving cell it may not be sufficient for RLF operation for following reasons:
1. The beams configured for RLM purposes may be different from the beam failure RS/candidate beams for beam failure recovery procedure. 
Example: RLM may monitor reference signals that are QCLed with PDCCH C-SS while beam recovery procedure may monitor reference signals that are QCLed with PDCCH U-SS. The type of reference signals/beamforming gains may result in mismatch in coverage. 
Observation 3: Even when a single RS type is configured for RLM and beam failure recovery procedure (e.g., CSI-RS), NW can still use different beam shapes/beam gain/beam pointing granularity for RLM and beam failure recovery procedure.
Drawbacks of using IS/OOS based on RLM only: 
· In the above example, if PDCCH U-SS performance is good while PDCCH C-SS is poor then RLM may send OOS indications to upper layers. This may unnecessarily trigger RLF. 
· If the PDCCH U-SS performance degrades quickly and there are no suitable beams in the candidate beam set then UE may wait until N-310 consecutive OOS indications to start the T-310 timer. This may unnecessarily delay the RLF.  
Performance evaluation:
We provide performance results to illustrate the need for aperiodic OOS indication to the RLF procedure. The simulation configuration is summarized in Table 3 for a 30 GHz system. For evaluation, we use the SNR variation profile used for out-of-sync test for the radio link monitoring test scenario ‘E-UTRAN FDD Radio Link Monitoring Test for Out-of-sync’ [4] . The SNR profile is shown in Figure 1. The RLF parameters are captured in Table 1. 

[bookmark: _Ref490137176]Figure 1: SNR variation for out-of-sync testing

	[bookmark: _Hlk490144840]Parameter
	Example set 1
	Example set 2

	T310 timer (ms)
	2000
	1000

	N310 
	20
	1

	N 311
	1
	1


[bookmark: _Ref490144467]Table 1: RLF parameters
We consider RS type 1 and RS type 2. As noted in in Observation 3 the two RS types belong to the same reference signal and have same beam shape but differ in the beam pointing granularity. RLM uses RS type 1 for IS and OOS indications while beam failure recovery procedure uses RS type 2. In addition, the beam failure recovery procedure uses a timer that allows the UE to recovery the beam for the timer duration. We evaluate the performance for different timer values. 
Table 2 illustrates the lower tail, median and upper tail of time to RLF (ms). We observe that using the aperiodic indication sent from beam failure recovery procedure can significantly reduce time to RLF. The percentage reduction in time to RLF due to aperiodic indication compared to Example set 1 is shown below. The benefits of which are:
· Shorter interruption of service for the UE as UE may find a suitable cell.
· Improved battery efficiency when UE is in C-DRX mode. 
	Time to RLF (ms)
	10%
	50%
	90%
	Percent reduction in time to RLF

	RLF based on RLM only 
	Example set 1
	2230
	2320
	2315
	baseline

	RLF based on RLM only
	Example set 2
	1125
	1215
	1207
	-

	RLF based on RLM and BFR
	BFR timer = 300ms
	75
	325
	302
	86.9%

	
	BFR timer = 500ms
	520
	635
	669
	71.1%

	
	BFR timer = 1500ms
	960
	1075
	1081
	53.3%


[bookmark: _Ref490147962]Table 2: Time to RLF(ms) for: a) RLF based on RLM and RLF based on RLM and beam failure recovery procedure

2. Monitoring DL quality of beam(s) (e.g., RLM) does not provide indication of UL issues. 

With RLM based IS/OOS indications UE determines if the network can reach on the DL beam(s) only. However, consider scenarios where UL and DL beams are decoupled, for e.g., beam correspondence issues or signal blockage on the UL. Such issues cannot be determined by monitoring just the DL beam(s) quality. In such a scenario, RLM itself is not sufficient, and beam failure recovery procedure captures quality on both UL and DL directions.        

Due to the above reasons RLF procedure needs to take inputs from both RLM and beam failure recovery procedures regardless whether same RS or different RS types are configured for RLM and beam failure recovery procedure. The radio link failure procedure may expire the T310 timer upon reception of an aperiodic OOS indication based on beam failure recovery procedure. 
Proposal 3: NR shall support aperiodic indication based on failure of beam failure recovery procedure to assist radio link failure procedure when same RS type is used for RLM and beam failure recovery procedure.
Proposal 4: NR shall support aperiodic indication based on failure of beam failure recovery procedure to assist radio link failure procedure when different RS types are used for RLM and beam failure recovery procedure.
Proposal 5: The radio link failure timer T310 expires upon reception of an aperiodic OOS indication based on beam recovery procedure failure

Conclusions
This contribution has provided our view on the radio link monitoring procedures. The following proposals have been made:
Proposal 1: Only a single type of RS is configured to UE for RLM at a time
Proposal 2: LTE Radio Link Failure triggering procedure can be a starting pointing for NR radio link monitoring design
Observation 1: Beam failure detection event itself does not send a notification to the upper layers.
Observation 2: An aperiodic indication from L1/MAC to the upper layers is sent when beam failure recovery procedure fails.
Observation 3: Even when a single RS type is configured for RLM and beam failure recovery procedure (e.g., CSI-RS), NW can still use different beam shapes/beam gain/beam pointing granularity for RLM and beam failure recovery procedure.
Proposal 3: NR shall support aperiodic indication based on failure of beam failure recovery procedure to assist radio link failure procedure when same RS type is used for RLM and beam failure recovery procedure.
Proposal 4: NR shall support aperiodic indication based on failure of beam failure recovery procedure to assist radio link failure procedure when different RS types are used for RLM and beam failure recovery procedure.
Proposal 5: The radio link failure timer T310 expires upon reception of an aperiodic OOS indication based on beam recovery procedure failure
[bookmark: _GoBack] References
[1]. [bookmark: _Ref462859139][bookmark: _Ref471479747][bookmark: _Ref462921140][bookmark: _Ref471480026][bookmark: _Ref446333722][bookmark: _Ref458067121][bookmark: _Ref458093355][bookmark: _Ref462751848][bookmark: _Ref462859211][bookmark: _Ref470450042]RAN1 #88 Chairman Notes
[2]. RAN1 #88bis Chairman Notes
[3]. RAN1 #89AH Chairman Notes
[4]. [bookmark: _Ref490137149]3GPP TS 36.133 V14.4.0, “E-UTRA; Requirements for support of radio resource management”
Appendix
[bookmark: _Ref474108281][bookmark: _Ref490137835]Table 3:  RS Type 1 and RS Type 2 parameters
	Design parameters
	RS

	The maximum number of sub-carriers
	144

	The number of OFDM symbols
	1

	Sequence length (or the number of used sub-carriers)
	127



	Parameter
	Band Category #2

	Carrier frequency (GHz)
	28

	Minimum carrier bandwidth (MHz)
	100

	Synchronization frequency raster (MHz)
	36

	Synchronization signal bandwidth (MHz)
	34.56

	Sub-carrier spacing (kHz)
	120

	RS periodicity (ms)
	5

	Channel model
	CDL-D, 3km/h
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